Telomeres play a critical role in maintaining genome integrity. Telomere shortening is associated with the risk of many aging-related diseases. Classic twin studies have shown that genetic components may contribute up to 80% of the heritability of telomere length. In the study we report here that we used a multistage genome-wide association study to identify genetic determinants of telomere length. The mean telomere length in peripheral blood leukocytes was measured by quantitative real-time PCR. We first analyzed 300,000 single-nucleotide polymorphisms (SNPs) in 459 healthy controls, finding 15,120 SNPs associated with telomere length at P < 0.05. We then validated these SNPs in two independent populations comprising 890 and 270 healthy controls, respectively. Four SNPs, including rs398652 on 14q21, were associated with telomere length across all three populations (pooled P values of <10 À5 ). The variant alleles of these SNPs were associated with longer telomere length. We then analyzed the association of these SNPs with the risk of bladder cancer in a large case-control study. The variant allele of rs398652 was associated with a significantly reduced risk of bladder cancer (odds ratio ¼ 0.81; 95% confidence interval, 0.67-0.97; P ¼ 0.025), consistent with the correlation of this variant allele with longer telomeres. We then conducted a mediation analysis to examine whether the association between rs398652 and reduced bladder cancer risk is mediated by telomere length, finding that telomere length was a significant mediator of the relationship between rs398652 and bladder cancer (P ¼ 0.013), explaining 14% of the effect. In conclusion, we found that the SNP rs398652 on 14q21 was associated with longer telomere length and a reduced risk of bladder cancer and that a portion of the effect of this SNP on bladder cancer risk was mediated by telomere length.
Introduction
Telomeres are nucleoprotein complexes at the ends of chromosomes and consist of tandem arrays of short repetitive sequences (TTAGGG in humans) and a set of specialized proteins (1) (2) (3) . As caps at the ends of chromosomes, telomeres play a critical role in protecting chromosomes from degradation, end-to-end fusion, abnormal recombination, and other detrimental chromosomal events (4, 5) . In somatic cells under normal physiologic conditions, telomeres are progressively eroded by about 30 to 200 bp because of the end-replication problem during each mitotic cell division (6) . The erosion rate of telomeres is modified by many exogenous and endogenous factors; for example, life stress and oxidative stress may accelerate telomere shortening (7, 8) . When telomere lengths become critically short, the process of cell senescence is initiated, resulting in cell-cycle arrest or apoptosis in normal cells (9) . For cancer cells, however, the majority gain unlimited proliferation through the overexpression of telomerase that compensates telomere erosion (1) . Telomere shortening has been associated with aging and many aging-related diseases including cancer (6, (10) (11) (12) . A number of epidemiologic studies have shown that short telomere length in peripheral blood leucocytes is associated with increased cancer risks (13) (14) (15) (16) (17) (18) (19) (20) .
Although telomere length is inversely correlated with age, there is considerable interindividual variation of telomere length among people of the same age (21) . Previous studies have shown that overall telomere length and the length of each specific chromosome's telomere are under strong genetic control. Genetic heritability of telomere length in leukocytes has been estimated at approximately 80% (22, 23) . The relative length of each specific telomere is defined in the zygote, determined by inherited factors, and maintained throughout life, but average telomere length shortens with increasing age (24) (25) (26) . Because of the high genetic heritability of telomere length, several attempts have been made to identify genetic loci that may determine telomere length. Putative loci were mapped to chromosome 3p26.1, 10q26.13, 12q12.22 (BICD1 rs2630778), and 14q23.2 in a family-based linkage analysis (27) (28) (29) 32] and leukocyte telomere length. The identified variants only explain a small fraction of the genetic heritability of telomere length, however, and more loci remain to be identified. Moreover, none of the identified SNPs have been associated with altered cancer risk. In this study, we used a GWAS design to identify SNPs associated with telomere length in leukocytes and then tested the associations of the top SNPs with bladder cancer risk. We then conducted a mediation analysis to examine whether telomere length mediated the association between SNPs and bladder cancer risk (33, 34) .
Materials and Methods

Study population and data collection
For the associations of SNPs with telomere length, we used the data of healthy controls from 3 independent casecontrol studies in lung, bladder, and kidney cancer. Detailed information from these 3 studies was reported previously (35) (36) (37) (38) (39) . Controls were healthy individuals without a prior history of cancer (except nonmelanoma skin cancer). Controls for the lung and bladder studies were recruited from Kelsey-Seybold Clinic (Houston, TX), the largest multispecialty physician practice group in the Houston metropolitan area, and controls for the renal cell carcinoma cases were recruited via random digit dialing in Texas. For the bladder cancer case-control study, all cases were newly diagnosed and histologically confirmed, and incident urothelial cell carcinoma patients were recruited at MD Anderson Cancer Center and Baylor College of Medicine (Houston, TX). Cases and controls were frequency matched on age (AE5 years), sex, and ethnicity. Informed consent was obtained from all participants before the collection of epidemiologic data and blood samples. Epidemiologic and demographic data were collected through in-person interviews by trained MD Anderson interviewers. "Ever smokers," including current and former smokers, were defined as having smoked greater than 100 cigarettes in their lifetime and "never smokers" were defined as having smoked less than 100 cigarettes in their lifetime. Individuals who had quit smoking at least 1 year before diagnosis (for cases) or prior to the interview (for controls) were categorized as former smokers. A 40-mL blood sample was extracted immediately after the interview and sent to the laboratory for DNA extraction. All studies were approved by the Institutional Review boards of MD Anderson, Baylor College of Medicine, and Kelsey-Seybold Clinic.
Overall telomere length assessment
Genomic DNA was isolated from peripheral blood using the QIAamp DNA blood Maxi Kit (Qiagen) according to the manufacturer's protocol. The relative overall telomere length was measured by quantitative real-time PCR, as described by Cawthon (40) . Briefly, the relative overall telomere lengths were proportional to the ratio of the telomere repeat copy number and the single (human globulin) copy number. The ratio of each sample was normalized to a calibrator DNA to standardize between different runs. The PCR reaction mixture for telomere amplification consists of 5 ng genomic DNA, 1 Â SYBR Green Mastermix C (for telomere amplification) or 58 C (for Hgb amplification) for 1 minute. In each plate, negative and positive controls and a calibrator DNA were included. Each plate contained 2-fold serially diluted reference DNA (from 20 to 0.625 ng) to generate a 6-point standard curve.
Genotyping
Genotyping for the lung study controls was completed using Illumina's HumanHap300 v1.1 BeadChips with 317K tagging SNPs (37) . After removing SNPs that deviated from Hardy-Weinberg equilibrium (P < 0.001), that had a call rate less than 95%, or with minor allele frequency of less than 0.01, there were 312,531 SNPs that passed quality control measures. Genotyping analyses for the bladder cancer (38) and renal cancer studies were performed using Illumina's HumanHap610 chip and HumanHap660 chip, respectively. After quality control and merging with telomere length data, we were able to analyze SNPs with telomere length in 459 lung study controls, 890 bladder study controls, and 270 kidney study controls.
Statistical analysis
We applied a 2-stage design to identify SNPs that determine telomere length. In the first stage, we performed whole-genome screening and analyzed the association of 312,531 SNPs with telomere length in 459 controls from the lung study. In the second stage (validation), we used 890 bladder study controls and 270 kidney study controls to validate the top 15,120 SNPs (P < 0.05) from the first stage. Telomere length was analyzed as a continuous variable. Analysis of SNP and telomere length associations was performed in PLINK software by multivariate linear regression. We assumed an additive model for each SNP. The covariates included in the analysis were age and gender.
The associations of SNPs with bladder cancer risk were assessed in a large case-control study. Unconditional logistic regression was used to calculate the odds ratio (OR) and 95% confidence interval (CI), adjusting for age, gender, and smoking using STATA software. A Q-Q plot was used to compare the distribution of observed P values with the expected distribution. The inflation factor was assessed by the ratio of the median of observed and expected values. This analysis was done using R software. We used IMPUTE2 (41) to impute genotypes for SNPs that were not genotyped on arrays. Phased haplotypes from combined 1000 Genome and HapMap3 CEU samples were provided as the reference haplotypes to impute the unobserved genotypes based on the local haplotype information. Haploview software (v4.1) was used to obtain the linkage disequilibrium (LD) structure within 100 kb of the significant SNP. The screen shot of all known genes within 1 Mb of the SNP was obtained from the University of California Santa Cruz genome browser (http://genome.ucsc.edu).
We conducted a mediation (or indirect effect) analysis involving telomere length and SNP associations with bladder cancer risk. Mediation occurs when the effect of an independent variable (e.g., SNP) on a dependent variable (e.g., cancer risk) is transmitted through a mediator (e.g., telomere length). If the effect of the independent variable vanishes after controlling for the mediator, then a complete mediation has occurred. If the effect of the independent variable is significant even after controlling for the mediator, however, then a partial mediation is indicated.
For the mediation analysis of rs398652, the dependent variable was case-control status coded as 0 for controls and 1 for cases. The independent variable, rs398652, was coded as an additive variable as follows: 0 for GG, 1 for AG, and 2 for AA genotypes. The mediator variable, telomere length, is continuous but not normally distributed. Therefore, we dichotomized the variable at the median value (1.31) among the controls. Individuals with telomere length higher and lower than 1.31 were coded as 0 and 1, respectively. Although the mediation analysis was originally developed for linear regression models, it has been shown to be valid for logistic regression as well (42, 43) . The coefficients obtained from the logistic regression were transformed to make them comparable before the Sobel test was applied for the mediation analysis (42) (43) (44) . All the analyses were adjusted for age, gender, and smoking status.
Results
In the discovery stage, we evaluated the association of 312,531 genetic variations with telomere length in 459 controls from a lung cancer case-control study. The Q-Q plot showed no evidence of a systematic inflation of P values (genomic inflation factor l ¼ 1.004; Supplementary  Fig. S1 ). We identified 15,120 SNPs significantly associated with telomere length at P < 0.05. We validated 14,409 of these 15,120 SNPs in 2 independent populations including 890 controls from a bladder study and 270 controls from a kidney study. Thirteen SNPs were validated and significantly associated with telomere length in the same direction, with the values of P < 0.05 in each population (Supplementary Table S1 ). We then performed a pooled analysis of these 13 SNPs in all controls. The 4 SNPs, rs6028466 on 20q11.22; rs621559 on 1p34.2; rs398652 on 14q21; and rs654128 on 6q22.1, reached P < 10
À5
( Table 1 ). The variant alleles of all 4 of these SNPs were associated with increased telomere length.
We next analyzed the associations of these 4 SNPs with bladder cancer risk in a large case-control study of 969 bladder cancer cases and 946 controls (who include the 890 validation controls described in the previous paragraph). The variant allele of rs398652 on 14q21 was associated with a significantly reduced risk of bladder cancer, with an OR of 0.81 (95% CI, 0.67-0.97; P ¼ 0.025), adjusting for age, gender, and smoking status, in an additive model (Table 2 ). This risk-reduction association was only evident in never smokers (OR ¼ 0.63, 95% CI, 0.45-0.88; P ¼ 0.007); the OR in ever smokers was 0.91 (95% CI, 0.73-1.14; P ¼ 0.423). In addition, there was a joint effect between the risk genotype (GG, the major genotype) and smoking in elevating bladder cancer risk. Compared with never smokers with the protective genotypes (GA, AA), the ORs were 1.65 (95% CI, 1.14-2.39) for never smokers with the risk genotype, 2.86 (95% CI, 1.93-4.23) for smokers with the protective genotypes, and 3.13 (95% CI, 2.21-4.45) for smokers with the risk genotype, (P trend < 0.001). The other 3 SNPs Table 1 . SNPs significantly associated with telomere length in 3 control populations and with a pooled P < 10
Genotype Locus Group
Lung controls Bladder controls Kidney controls Pooled analysis were not significantly associated with bladder cancer risk ( Table 3) . We also analyzed the effect of telomere length on bladder cancer risk by smoking status. Shorter telomere length significantly increased risk in never smokers (OR ¼ 1.64, 95% CI, 1.19-2.26; P ¼ 0.0027) and in ever smokers (OR ¼ 1.31; 95% CI, 1.03-1.66; P ¼ 0.027). Although shorter telomeres increased risk more in never (OR ¼ 1.64) than ever (OR ¼ 1.31) smokers, the difference was not statistically significant in this stratified analysis, which had relatively small sample sizes.
The SNP rs398652 is intergenic, with the closest gene being the pellino homolog 2 (Drosophila) gene (PELI2), about 60 kb from rs398652 (Fig. 1) . SNPs in this region show weak patterns of LD. Using data from the 1000 Genome and HapMap database, we imputed genotypes within 1 Mb of rs398652 for SNPs not on any of the 3 chips we used. Rs398652 had the most significant association with telomere length (Fig. 1) .
Because the variant allele of this SNP was associated with long telomeres and reduced bladder cancer risk, the effect of this SNP on bladder cancer may be mediated by telomere length, a hypothesis tested in a mediation analysis. Following the steps of Baron and Kenny (33), we found that the total effect of rs398652 on bladder cancer risk was significant (OR ¼ 0.81; 95% CI, 0.67-0.97; P ¼ 0.025; Table 2 ). Both the effects of the SNP on telomere length (OR ¼ 0.72; 95% CI, 0.60-0.87; P ¼ 0.0006) and of short telomere length on bladder cancer (OR ¼ 1.42; 95% CI, 1.17-1.71; P ¼ 0.0004) were statistically significant. Therefore, the conditions for the mediation analysis were satisfied. The Sobel test showed that telomere length was a significant mediator of the relationship between rs398652 and bladder cancer (P ¼ 0.013). However, the direct effect of the SNP on bladder cancer, controlling for the mediator, was still statistically significant (P ¼ 0.048), suggesting that telomere length provided a partial (14%) explanation of the effect. Telomere length was a significant mediator of the relationship between rs398652 and bladder cancer risk even when it was used as a continuous variable in the mediation analyses (P ¼ 0.018).
Discussion
The SNP rs398652 on 14q21 and several other promising genetic variants were associated in our GWAS with telomere length in leukocytes. We then found that rs398652 was also associated with reduced bladder cancer risk. This SNP is located within the region of 14q that has a high linkage with leukocyte telomere length and is fewer than 450 kb from a microsatellite marker (D14S285) shown to have a very high logarithm (base 10) of odds (LOD) of approximately 3.5 for linkage with telomere length in a previous genetic linkage analysis (27) . Furthermore, our mediation analysis to dissect the relationship between rs398652, telomere length, and bladder cancer risk suggests that the association of this SNP with bladder cancer is partially mediated by telomere length.
Telomere shortening and telomerase activation are critical early events of tumorigenesis. Results from a number of epidemiologic studies suggest that shorter telomere length in leukocytes is associated with increased cancer risks for several cancers (13) (14) (15) (16) (17) (18) (19) (20) , with the strongest evidence for bladder cancer risk, as shown in 3 independent studies (1 prospective and 2 retrospective; refs. 14, 16, 19) . Given the critical role of telomere shortening in tumorigenesis, factors (environmental or genetic) that are capable of accelerating telomere erosion are likely to promote tumorigenesis. Several studies have shown that some risk factors for cancer, such as smoking, obesity, unhealthy lifestyles, and oxidative stress, are associated with short telomeres (8, 14, (45) (46) (47) (48) , suggesting that telomeres may be a biological mediator of certain environmental exposures and cancer risk. In our present study, shorter telomere length seemed to have a higher impact on bladder cancer risk in never smokers than in ever smokers, although the impact difference was not significant. Genetic determinants of telomere length are also good candidates for cancer predisposition. Previous studies have identified several SNPs that are associated with telomere length (30) (31) (32) , but none of these SNPs have been evaluated for cancer associations. On the other hand, genetic variations in the 5p15.33 region containing the telomerase reverse transcriptase (TERT) gene (encoding the catalytic subunit of telomerase) have been associated with increased or decreased risks of multiple cancer types (49) (50) (51) (52) (53) (54) . Although it is hypothesized that SNPs in this region may act through TERT function and telomeres, no conclusive association between the cancer-predisposing The number of homozygous variant genotype was 5 or less in both cases and controls; only dominant model was applied.
SNPs in this region and telomere length has been found. These data indicate that the interplay between an SNP, telomere length, and cancer risk is complex. In indicating that telomere length accounted for 14% of the effect of the SNP variant rs398652 on bladder cancer risk, our mediation analysis and other data lend further support to the complexity of these interrelationships. Therefore, the major portion of the effect of this SNP on bladder cancer risk was apparently mediated by mechanisms other than telomere length, possibly through modulating innate immune response and inflammatory response. Rs398652 is about 60 kb from PELI2 (encoding pellino2 protein). Pellino is a family of proteins that was initially identified as interaction proteins of interleukin-1 receptor (IL-1R)-associated kinases (IRAK) and that mediated IL-1R signaling (55, 56) . There are 3 highly homologous pellino proteins (pellino1, 2, and 3) in humans, and recent studies have found that a key function of pellino proteins is as E3 ubiquitin ligases that catalyze the polyubiquitylation of IRAK molecules in the Toll-like receptor (TLR) signaling pathways (57) . TLRs are key players in the innate immune system and initiate inflammatory response to foreign pathogens. Stimulation of TLRs by pathogens triggers innate immune responses and the production of cytokines. Pellino proteins contain a C-terminal RING-like domain that confers E3 ubiquitin ligase activity to the protein and polyubiquitylates IRAK and other TLR signaling molecules, leading to the TLR-and IL-1R-dependent activation of NF-kB and mitogen-activated protein kinase (MAPK) pathways and downstream genes (57) . The important function of PELI2 in innate immune response provides biological plausibility for the association of rs398652 with telomere length and cancer risk. Furthermore, chronic inflammation is associated with up to one fourth of cancers and also may cause accelerated telomere erosion (8, 58, 59) . PELI2 is involved in inflammatory response and production of cytokines. It is possible that chronic inflammation partially explains the association between rs398652 and telomere length and cancer risk.
Three other SNPs shown in our present study to modulate telomere length were not significantly associated with bladder cancer risk. Because SNPs explain only a small variation in telomere length and telomere length explains only a small variation in bladder cancer risk, the indirect effect of SNPs on bladder cancer risk through telomere length is insignificant, suggesting that these 3 SNPs have no significant direct or indirect effect on bladder cancer risk, thus contrasting with the case of rs398652, whose major portion of association with bladder cancer risk is direct.
In conclusion, the major strength of the present study is its integration of analyses of SNPs, telomere length, and cancer risk in the same study and the critical application of a mediation analysis to dissect the relationship among these elements. To our knowledge, this is the first study that links a common human SNP with both telomere length and a reduced cancer risk in the same cohort. This approach has led to the important finding that SNP rs398652 reduced bladder cancer risk through the mediator of longer telomere length. We also show that rs398652 increases bladder cancer risk through multiple cellular pathways, dependent and independent of telomere length. Overall, these findings highlight the complexity of genetic regulation of telomere length in relation to the etiology of cancer of the bladder or other sites.
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